Abstract-Minimally
the tools, not manipulated directly from the surgeon anymore, are held by specialized robot arms and remotely commanded by the surgeon who comfortably sits at an input console. The surgeon regains the direct control on the operating field thanks to a stereoscopic camera providing 3D vision, enhanced tools dexterity and restored hand-eyecoordination. Intuitive Surgical's da Vinci system for laparoscopic procedures has been an especially successful commercial robot and is nowadays installed worldwide [2] . Despite of its manifest benefits, the da Vinci system still requires the same number of incisions as in traditional laparoscopy, thus showing a similar level of invasiveness. Another limit is the encumbrance as well as high cost.
In order to overcome these limitations, more compact systems have been developed around the world, such as the RAVEN robotic system for telesurgery, a 7 DoFs cableactuated manipulator [3] , or the multi-slider-based manipulator proposed by Yamashita et al. [4] . Another example of compact and versatile surgical system is a bimanual endoscopic telesurgery platform with force feedback developed by the German national research center for aeronautics and space [5] .
Whereas laparoscopy reduces invasiveness by creating small incisions in the abdominal wall, NOTES completely eliminates external incisions by gaining access to the peritoneal cavity through a natural orifice. Although many robotic platforms have been proposed and some transluminal procedures performed so far [6] [7] [8] [9] [10] [11] [12] , NOTES has never substituted current clinical procedures. However, NOTES leads to the miniaturization of robots and harbors the concept of inserting many units into the peritoneal cavity. Based on this intuition, a reconfigurable modular robotic system has been proposed to augment the kinematics in endoluminal interventions of the gastrointestinal tract [13] . Other devices addressing specific tasks in minimally invasive surgery have been proposed as well [14] [15] [16] [17] [18] .
Recently, a technique called Single-Port Laparoscopy (SPL), or SILS, has been introduced, consisting in a single incision generally at the umbilicus through which multiple tools can be inserted [19] , [20] . To overcome the limits of single-port access, multi-port trocars (Triport, Advanced Surgical Concepts, Wicklow, Ireland) and single incision laparoscopic surgery ports (Sils, Covidien, Dublin, Ireland; Endocone and X-Cone, Stortz, Tuttlingen, Germany) are used, which allow multiple instruments to pass through a single port at the same time. A robotic system designed for SPL may benefit from both a direct and rigid link with an external support and a considerably large diameter of the access port. A multi-arms robot enabling bimanual interventions with a single access port has been proposed [21] . Another design providing a snake-like architecture that may be inserted through a single access port has been discussed in [22] .
In this work we present the design of miniature modular in vivo robots whose small diameter can be beneficial for several minimally invasive surgical techniques, such as laparoscopy, robotic laparoscopy, SILS and NOTES. The concept of robotic units and its development has been carried on with a single design with slight modifications for several robotic modules for different tasks. The employment of an array of such microrobots is supposed to overcome current drawbacks in minimally invasive procedures in terms of mobility, dimensions and costs. After an overview on the technical and medical specifications, the general design of the robotic modules is described. Then, the evaluation of the robot performance is described for a specific configuration to show the feasibility of the system.
II. MATERIAL AND METHOD

A. System Overview
The concept of modular robotic units aimed at improving current robotic surgery by means of small and less complicated devices. The delivery of more components inside the human body to perform a specific task, such as vision, retraction, or suturing, allows to reduce modules size to fit the access ports conventionally used in MIS. The number of incisions can be reduced as well, since many modules can be inserted using the same port, such as in SPL, by leaving back just thin wires for powering or image delivering. After insertion, each module can be fixed in a convenient position (e.g. by magnetic adhesion) in order to perform the devised task.
The proposed design for the modular robot is serial. This implies that the robot size can be small and the workspace relatively large compared to a parallel structure. Moreover, assembly and insertion can be easy, due to the cylindrical snake-like shape. Each module provides 2 DoFs, and two or more modules can be easily assembled together in order to perform a specific task. The mechanical design and the features of the basic 2 DoFs module are described in Section II.B. The arrangement of DoFs in the kinematic chain is chosen consequently by considering that one robotic module can embed Roll (R) and Pitch (P), Pitch and Pitch, Pitch and End-Effector (E) or Roll and End-Effector, and are detailed in Section II.C for each proposed robotic unit. According to medical requirements, a suitable diameter for the robotic modules should be 12 mm in order to be inserted through a 12 mm internal diameter laparoscopic trocar.
Essential robotic units in any surgical procedure are an image acquisition unit, a retraction unit and a manipulator unit. The need of different kind of robots complicates the platform design since different units apparently require a different design, that is specific for the single function. However, the main purpose of this work is to introduce the general design of a robotic module as part of different modular robots that can be independently used to perform dedicated tasks in MIS, depending on the arrangement of DoFs.
B. Mechanical Design
Any robotic unit is obtained by connecting basic robotic modules. The basic module proposed is a 2 DoFs cylindrical link embedding two rotational motors and respective mechanisms. Each module, as it is designed, can essentially include P/P or R/P DOFs. Obviously, in a serial snake like system, there is no need for having a R/R module. A pitch joint can work as an end-effector, using an ad hoc tool designed for the distal link. P/E and R/E modules can be easily obtained from the basic module.
The actuators inside the robot strongly influence the mechanical design: in particular, if the serial chain is long the proximal link motors must withstand a high torque and consequently, motors need a high reduction ratio mechanism. The design of the mechanisms differs for the pitch and roll joints. The proposed solution for the pitch joint consists of a helical gear mounted on a worm gear, coaxial with one of the motors. A worm gear is used to transmit motion between the axis of the motor and the orthogonal pitch joint axis. The high reduction ratio of the worm gear makes the system non-backdrivable. This is not necessarily a disadvantage, as the system could withstand external forces also without powering the motors (e.g. for maintaining dilatation or tissue retraction). The rotational joint is positioned on the opposite end relative to the pitch joint of the module. The mechanism design involves two spur gears as a reduction stage, and a rotating output shaft supported by a ball bearing. Characteristics of this joint are the easy manufacture process for spur gears, the high speed of the output shaft and the absence of axial thrust on the motor shaft. Once the module is designed, rigid connections between modules allow to increase the total number of DoFs of the robotic unit. 
C. Modular Robotic Architecture
As mentioned in Section II.A, an image acquisition unit, a retraction unit and a manipulator unit are needed to perform basic tasks in MIS. The robotic units take advantage of the same module design and differentiate each other depending on the connections between the modules and the arrangement of DoFs within the module.
The first robotic unit consists of a 2 DoFs camera robot, conceived to act as an assistive robotic unit for MIS. The camera robot design derives by the use of one R/P module and a passive support for the image acquisition. Another robotic unit is a 2 DoFs retraction unit, consisting of a P/E module. Although the retraction unit only provides 2 internal DoFs, a full tridimensional workspace can be swept by moving the anchoring point that holds the robot magnetically. Finally, the design of a 6 DoFs manipulator is proposed to act as part of a bimanual robotic unit for more complex tasks in MIS. The manipulator robot is based on a R/P/R/P/P/E kinematic chain. The 3D sketch of the robotic units are illustrated in Fig. 1 . The feasibility of such a manipulator has been demonstrated in a similar work [13] .
1) Robots Kinematic and Workspace
The DoFs of the robotic units vary from the roll and pitch actuated joints to the actuation of the end-effector; thus, it is important to analyze the workspace relative to the task that the robotic unit is intended to accomplish. Considering their structure and the Denavit-Hartenberg (DH) representation, the robots kinematic analysis is illustrated below. The roll range is (-90;90) degrees, and the pitch range is (0;90) degrees; therefore, depending on the kinematic chain, we have a different workspace for each robotic unit. The P/R camera robot (Fig. 1, Left) has two DoFs which are consistent with the task of image acquisition, as they permit to scan a large portion of the surgical site. The camera robot workspace is represented in Fig. 2 . The retraction robot (Fig.  1 , Center) has two DoFs: a pitch actuated joint and an endeffector. Its workspace is thus one-dimensional as its task is to pull the retracted tissue towards the abdominal wall in order to expose the target site. The manipulator robot (Fig.  1 , Right) has 6 DoFs: a roll pitch roll pitch pitch kinematic chain of actuated joints and an end-effector. These DoFs give adequate mobility for tissue manipulation tasks; the manipulator robot workspace, illustrated as a planar subset of the full workspace, is represented in Fig. 3 .
2) Tool
Robotic surgery requires the same armamentarium of operative tools as for laparoscopic instruments. However, the design requirements for these instruments is highly dependent on the actuation system proposed. A mechanism for a retraction unit has been designed directly from the pitch mechanism, attaching the a grasping tool directly to the helical gear. Thus, it is still a helical and worm gear mechanism with few modifications compared to the pitch design, as will be described in Section D.
D. Actuation System Description 1) Actuators Consideration
Medical supervisors assess that 5-10 N force and minimum speed of 360 deg/s are needed during surgical tasks in traditional robotic surgery in order to perform all possible tasks; thus, a total power of up to 4 W for a typical manipulator is requested. However, these requirements are less strict when dedicated tasks are performed. As an example, only 0.45 N are needed for inserting a probe in a soft tissue [23] . Embedding internal motors is the main problem in the design of an in vivo robot because the motor diameter is thus limited to the size of the robot. On the other hand, having motors embedded is the only solution for obtaining multiple DoFs and adequate triangulation inside the patient abdomen without sticking the access port. One of the first steps in the module design is related to the actuator choice, which is mostly influenced by the motor output torque and dimensions, but also by its reliability. Different kinds of commercially available motors with a diameter compatible with the requirements have been taken into account.
An SBL04 micromotor (Namiki, Akita, Japan) was selected as actuator for its small size (4 mm in diameter and 17.4 mm in length including the gearbox) and large torque (up to 5.7 mNm). The 4 mm Namiki motor is available from the manufacturer with several reduction stage options. The best for our intended application are the 1:79 and the 1:337 reduction ratios. The choice between these two types can be done depending on the individual degree of mobility. For a faster rotational joint, the 1:79 reduction ratio is more adequate, while for a higher force joint the 1:337 one is the best.
Smaller actuators are available on the market, but in general, their output torque is not sufficient for our task. Consequently, we selected the actuator with the best tradeoff between overall volume, reliability, and output torque. 
2) Actuation System Dimensioning
The dimensioning of the worm gear has been performed by considering the following parameters: a helical gear with a normal module of 0.25 mm, a wheel base of 4.5 mm, and a worm (with only one thread, i = 1) whose shape coefficient is 8 (between 7 and 11 as for high power, fast reducers). The following should be noted about these parameters:
-The value of the normal module m n has been selected in order to keep acceptable the manufacturing cost of the gears; gears with a module lower than 0.25 mm would be too expensive for first prototypes; -The wheel base e has been defined taking into account the maximum encumbrance of the drive; -The range of the worm shape coefficient q permits a high modulus (foot resistance) and a high lead angle (good efficiency).
The efficiency η z of the drive has been estimated as a function of the lead angle γ m and of the friction coefficient between the gears, due to the sliding action occurring at the mesh between worm and gear. The worm is fabricated in steel and helical gears in bronze; thus, the friction coefficient µ z has been set to 0.16.
The dimensioning of the roll mechanism has been performed by considering the following parameters: spur gears with a module of 0.14 mm, a number of teeth of 17 for the pinion, and a wheel base of 3.5 mm. The following should be noted about these parameters:
-The module value m has been selected according to manufacturing machines available in the laboratory. However, a value of 0.14 mm is more than adequate for the rotational joint; -The number of teeth z 1 has been defined taking into account the non-interference condition; -The wheel base e has been defined taking into account that the pinion axis is coincident with the actuator shaft one, and that the gear axis has to be coincident with the link axis.
The efficiency η z of the drive has been estimated as a function of the number of teeth z 1 for the pinion and z 2 for the gear, and of the friction coefficient between the gears, due to the sliding action occurring at the interface between the two gears. The two spur gears are fabricated in steel; thus, the friction coefficient µ z has been set to 0.1. The actuator features are reported in Table I . 
III. FABRICATION OF THE ROBOTIC MODULE AND CONTROL SYSTEM
Each robotic module has been fabricated by using a micro CNC machine Kern Hspc, a Sarix Micro Sink EDM, and a Sodick AP 200 L wire electrical discharge machine (WEDM). The structural parts of the module were fabricated by CNC micromachining. An aluminum alloy, Avional, was used to obtain a more precise and solid structure. The gears were machined by an external workshop, and re-machined according to our requirements afterwards. The worm gear was cut at one end in order to fabricate a rectangular groove that is necessary for the connection with the shaft of the motor. The helicoidal gear was partially cut in order to be soldered to the corresponding link.
At the moment, only two modules (R/P for the camera and P/E for the retraction unit) have been fabricated in order to test the performance of the basic module and to point out the limitations of the current design. The weight of the basic module is 10.6 g. The manufactured parts of camera robot are shown in Fig. 4 . The first module has been used for the camera robot. A camera robot does not need high forces at the end-effector, since it has only to compensate its own weight; thus, the actuators are 4 mm Namiki motors with 1:79 reduction ratio. The camera robot was provided with a custom-designed Printed Circuit Board (PCB) embedding a stereoscopic camera (UXGA, 30 fps) by ST Microelectronics (Milano, Italy) and a Light Emission Diodes-based (LEDs, NESW007BT, Nichia, Tokyo, Japan) illumination system. Although the embedded cameras are able to work one by one, the stereoscopic vision is not implemented at the moment. The manufactured robot has a diameter of 12 mm and a length of 50 mm including the support for the camera.
A surgical tool, as part of the retraction unit, was designed and fabricated in rapid prototyping in order to evaluate basic grasping performance. The manufactured grasping module has a diameter of 12 mm and a length of 40 mm including the tool. The extension to more than one module will be done in the next future, once the whole design is completely tested and optimized. Both the camera robot and a preliminary version of the retraction unit are shown in Fig. 5 fixed on a possible supporting device.
A. Control System
The major drawback of the 4 mm Namiki motor is that encoders are not commercially available. Integrating an encoder at the end of the reduction stage could help to develop robust control strategies during the robot actuation. A custom encoder as presented in [24] will be integrated in the next prototypes of the robotic modules having more than 2 DoFs that strictly require position control. At the moment, we selected a control strategy based on the preemptive priority pseudokernel approach to drive multiple brushless DC motors in real time using one microcontroller instead of utilizing one chip dedicated to each motor [25] .
Desired movement is obtained by selecting the position on the screen. A more intuitive human-machine interface will be developed after medical assessment of this device. 
IV. EXPERIMENT
A. Basic Module
The limited size of the robot implies that torque, speed and precision must be taken into account for executing dedicated tasks. The evaluation of these parameters is very important for the characterization of the single module units, and can be helpful to predict the performance of the robotic units that will be fabricated.
Torque experiments were performed to quantify the effective forward thrust generated by pitch and roll mechanisms, by means of a commercially available 6-axis load cell (Nano17, ATI, Industrial Automation, Apex, NC, USA) having a resolution of 0.32 N. The measured pitch torque is 14.6 mNm with a reduction 1:79 whereas the rotation torque is 10.15 mNm. These values agree with the theoretical ones, that settled the values in 10.8 mNm and 11.8 mNm respectively. This means that the measured efficiency of the pitch mechanism, η meas = 54%, was larger than the expected one. Regarding the rotation torque, the measured value was smaller than the expected one due to the manufacturing of the shaft, that resulted in a slight conic shape increasing friction in such a small housing. The obtained values for torque are significantly better if compared to other works [13] . The speed was calculated by measuring the time to sweep 90° for the pitch and 180° for the roll. A maximum speed of 90° deg/s for the pitch and of 190° deg/s for the roll was obtained.
In addition to torque and speed experiments, the performance of the pitch and roll motions have been measured in terms of precision. The system was kept steady and images have been captured step-by-step by a digital camera. A computer-aided analysis was performed at the end. The pitch was moved from 0° to 90° and then back to the initial position with steps of 30° for five times in succession. The mean position error is 0.89° and the maximum error is 2.64°. The roll was driven to increase the rotation angle from 0° to 180° and then back to the initial position with steps of 45° for five times in succession. The mean position error is 1.75° with a maximum error of 3.50°. The maximum hysteresis errors are 5.59° for pitch and 8.36° for roll. The hysteresis error is essentially due to the friction between the camera cables and the supporting device or the robot itself. The experimental data will be used as calibration once an improved control system is implemented. Results of the experiments are shown in Fig. 6 . 
B. Camera Robot
The reliability and precision of movement provided by the camera robot on bench have been also evaluated. A phantom model was used to simulate the anatomical geometry of the abdomen. Colored targets were stitched on several areas of interest, such as liver and stomach, whereas additional view was obtained using a traditional laparoscope. The camera robot was inserted through a 15 mm in diameter access port in proximity of the surgical site . After the robot and the supporting device were rigidly connected to the abdominal wall, the motion was performed. The workspace of the robot was sufficient to visualize all the abdominal area. The visual field of the camera is wide as well, and comparable with traditional laparoscopic tools, with the advantages that this camera system can be placed anywhere in the abdomen by using a supporting device. Experiment set-up is reported in Fig. 7 . It is worth noting that images of the same area captured by the stereoscopic camera are slightly different, as expected for achieving tridimensional vision.
V. CONCLUSIONS AND FUTURE WORKS
A modular robot has been proposed for dedicated tasks in minimally invasive surgery. The design, prototyping and evaluation of the basic module have been reported, as part of different robotic units performing dedicated tasks in MIS. The basic module has shown satisfying results in terms of speed, force and precision. A phantom model was used to assess the performance of the camera robotic unit, showing that it is a valid solution for providing vision in minimally invasive procedures. The initial results show that the modular approach for endoluminal surgery is promising as a surgical device in the next generation. Experimental results support the feasibility of a 6 DoFs robotic manipulator, that can be theoretically actuated to be used in normal working configurations. Future works involve miniaturization and integration of additional DoFs, design of further robotic units, improvement of the mechanical connections between modules, as well as the implementation of the stereoscopic vision for the camera robot. Robotic units will be equipped with protective flexible shell for future in vivo medical assessment.
